INTRODUCTION
bus simultaneously. Secondly, it allows passengers waiting at a bus stop to be closer to a door 1 that they can board through (7). Thirdly, it allows for a more balanced passenger distribution 2 throughout the bus; this results in less crowding near each door, which in turn can reduce per-3 passenger boarding time by as much as half a second (2). Overall, running time savings are 4 estimated to be between 1.8 and 9.6% when using two-door buses, and between 4.6 and 13.3% 5 with three-door buses while controlling for fare-collection methods (2). 6
Potential savings from all-door boarding will vary depending on the fare payment system 7 in place. There are two main types of payment systems: off-board and on-board. Off-board 8 payment requires that passengers pay for their fares prior to boarding; this can be done via ticket 9 machines at the bus stop (e.g. London, Stockholm), at rapid-transit stations (e.g. Vancouver, 10 Phoenix), or via convenience stores and grocers (e.g. Rome, Los Angeles). On-board payment 11 can be done through electronic ticket-machines (e.g. San Francisco, Paris) or mechanical 12 stampers (e.g. Munich, Freiburg). Off-board payment is the fastest payment method, with per-13 passenger boarding times of about one second less than typical on-board payment systems that 14 use smartcards (8).
15
A secondary benefit to all-door boarding is improved passenger satisfaction. This occurs 16 for three main reasons: firstly, reduced travel times are greatly appreciated by passengers (9). 17
Secondly, the more-evenly balanced passenger distribution in the bus gives passengers more 18 space (1). Thirdly, all-door boarding gives passengers the choice to board through whichever 19 door they want, thus creating a more "rapid-transit" experience (4).
20
The most obvious concern to all-door boarding is the fear of increased fare evasion. 21
However, in practice, it has been shown that the perception of fare evasion is often much greater 22 than actual rates (2; 10). For example, evasion rates are only 2.4% and 4.7% in Ottawa and San 23
Francisco, two cities that have all-door boarding policies. That said, the importance of taking 24 measures to ensure fare payment is crucial; this means either installing turnstile-controlled bus 25 stops or hiring more fare inspectors. Turnstiles are typically only used on heavily used bus-rapid-26 transit (BRT) routes. Fare inspectors are more appropriate for less heavily used routes. On a side 27 note, it should be mentioned that elimination of fare evasion is virtually impossible, as such, a 28 degree of evasion must be accepted when all-door boarding is implemented (4). It is up to each 29 transit agency to determine how much fare evasion is acceptable.
30
As for implementation costs of all-door boarding, the main expenses are in the purchasing and 31 installing of electronic fare readers (on-board or off-board), and the hiring and training of fare 32 inspectors. The number of fare inspectors in the system must be carefully considered; evasion 33 rates must be kept down to an acceptable level, but so must the budget for fare inspectors (11).
34
Since fare inspectors constitute an on-going operating expense, they can be more expensive in 35 the long-term than the cost of fare readers (12). However, despite these expenditures, it is largely 36 agreed upon that the costs of providing all-door boarding are outweighed by the savings in 37 operating costs that result from running time improvements (1; 8). 38
Route Selection and Analysis 39
A considerable literature exists for the analysis of bus running times and dwell times. It is 40 generally agreed upon that a variety of factors exists that affect running times and dwell times, 41 including passenger activity (boarding and alighting), passenger load, distance, delay at the 42 beginning of the trip, period of the day, number of actual stops made, and weather conditions (5; 43 6; 13; 14) . The effect of these factors can be evaluated directly by generating statistical running -44 time and dwell-time models with archived automatic-vehicle-location (AVL) and automatic-45 passenger-counter (APC) systems data (15-18); these models can then be used to measure the 46 effectiveness of different strategies on running time and dwell-time-reduction strategies such as 1 all-door boarding (19) (20) (21) (22) . 2
To our knowledge, no existing literature could be found on the process of selecting bus 3 routes for all-door boarding, or for other similar bus-efficiency measures. As such, the authors 4 devised their own methodology; see the Route Selection section of this paper. 5 6 ROUTE SELECTION 7
In this section, we explain our methodology to determine which bus routes would benefit the 8 most from all-door boarding. Three quantitative methodologies are presented for selecting the 9 routes that would perform best under system-, route-, and stop-level implementations. 10 11
System-and Route-Level Implementations 12
Two main criteria were chosen to identify which routes would excel under system-and route-13 level implementations. Firstly, for all-door boarding to result in significant dwell-time savings, 14 high numbers of passengers must board at each stop; as such, the best routes will have a high 15 average number of boardings across all stops. Secondly, in order to achieve significant time 16 savings over the course of a day, a route must have a high number of total boardings. A high 17 total boarding count can be attained either by having many stops on each bus trip, or by having 18 many bus trips in a given time period.
19
It was determined that the best time periods to focus on were the AM and PM peaks 20
( 06:30-09:30 and 15:30-18:30, respectively) . Since these periods have the greatest number of 21 passenger boardings, they will also stand to benefit the most from an all-door boarding policy. 22
Additionally, it was decided that both travel directions on a route (north & south, or east & west) 23 should be examined separately, as some routes might perform well in some directions but not in 24 others. The ideal route would perform well in both peaks and directions.
25
To assess how well each bus route met the boarding criteria described above, a data set 26 with the average boardings per stop in the STM network was obtained. From this data-which 27 contained 1,273,108 records-the average boardings per stop and the total boardings for all 28 routes in each peak and in each direction were calculated. Routes with all of their peak-directions 29 (for example, AM-north, PM-south) in both the top 25% of average boardings per stop and the 30 top 25% of total boardings were considered to be the best performers under a system-level 31 implementation.
32
To identify which of these routes would be ideal for a route-level implementation, it was 33 necessary to determine how much they overlap with other bus routes. The most suitable routes 34 would be ones that either have minimal overlap with other routes, or ones that have significant 35 overlap with one other route; in this second situation-which might occur on a route served by 36 both an express bus and a local bus-all-door boarding could be implemented on both routes.
37
The idea here is to keep boarding rules at bus stops consistent. It would be confusing to 38 passengers if some of the buses at a stop allow all-door boarding while others do not; this 39 confusion can be reduced by selecting routes that have minimal overlap with front-door-boarding 40 routes. In sum, the ideal routes for a route-level implementation would be those that have either 41 the lowest percentage of overlap or, potentially, the highest. To answer this question, first, the stops with 500 or more boardings during the peaks, 23 combined, were identified as "major stops." These stops were then classified as first stops on the 24 route, or as mid-route stops-that is, stops that were neither the first nor last stops on the route.
25
The distinction was made here because a significant proportion of boarding at first stops occurs 26 during layovers (scheduled breaks for drivers); as such, improvements in boarding speed could 27 often be swallowed up in the layover time. That said, measuring these layover boarding-speed 28 improvements could be useful to agencies looking to shorten their drivers' layover times. Table 2  29 shows the routes with the greatest number of boardings at all the major stops they serve. The 30 routes that rank best here are the 121 and the 435; these routes were selected for dwell-time 31 analysis under a stop-level implementation. The locations of these routes, as well as those of the 32 other routes selected for detailed analysis, are shown in Figure 1 . 33 34
ROUTE ANALYSIS 35
Running-time Model 36
To determine how much time could be saved through different all-door boarding 37 implementations, two multivariate-regression models were generated with AVL/APC data. 38 STM's AVL/APC data contains information about each bus stop one each trip, including the 39 arrival and departure time, the number of passengers boarding and alighting through each door, 40 and the number of passengers on the bus; the data set obtained had 1,213,691 records. The model 41
for system-and route-level implementations calculated the running time of each route as a 42 function of various factors. For detailed explanation of running-time models and the rationale 43 behind variable selection see Diab and El-Geneidy (23) and Tétreault and El-Geneidy (21). Table  44 3 provides a description and summary statistics for each variable, while Table 4 shows the model 45 output. 46
The running-time model coefficients and R 2 are comparable to previous studies that use 1 running-time models. The coefficients of the model can be explained as follows. Buses are 2 slower in peak periods than in off-peak periods, with the PM peak being the slowest. Passengers 3 take on average 3.5 seconds each to board and 1.2 seconds to alight-although the negative 4 square term (PaxSq) in the model indicates that these values decrease as the number of 5 passengers increases. The negative term Load and the positive square term LoadSq indicates that 6 having more people on the bus will decrease running time up to a point, but will then start to 7 increase running time; it is hypothesized here that the presence of more passengers will increase 8 pressure on other passengers to board and alight more quickly, but when the bus is crowded and 9 full of standees, boarding and alighting time will start to increase. For each second that the bus 10 starts its trip behind schedule, it will run 0.12 seconds faster. Each time the bus stops, about 12 11 seconds will be added to the trip, regardless of passenger activity. Each bus stop on the far side 12 of an intersection subtracts about 10 seconds from the running time. Rain and snow cause 13 running time to increase slightly. And finally, there are significant differences between the 14 running time of each route-direction, since each one has a different length, different permitted 15 speeds, and so forth. 16 17
Dwell-time Model 18
The model for stop-level implementation was similar to the running-time model; it calculated 19 dwell time as a function of such factors as boardings and alightings through each door, the 20 number of standees on the bus, the presence of a traffic light, and so forth. For detailed 21
specifications of dwell time model and rational behind selection of variables see El-Geneidy and 22
Vijayakumar (20). A set of dummy variables was added to the model for each of the major stops 23 on each route. These dummies capture the differences in dwell time between these stops and the 24 rest of the stops in the model. Interaction variables for each major stop were also added; these 25 variables are the product of the total boardings by the dummy variable of the stop. The 26 interaction variables were designed to capture any differences in boarding speeds at the different 27 stops. Table 5 provides a description and summary statistics for each variable, while Table 6  28 shows the regression output. Note that the amount of boarding through the second and third 29 doors is almost zero, since an all-door boarding policy is not yet in place. 30 31
The dwell-time model coefficients and R 2 are comparable to previous studies that used dwell 32 time (19; 20) . The model coefficients can be explained as follows. Dwell times are about 0.4 33 seconds shorter in the inbound direction, and are slightly shorter during the peak periods. 34
Boarding through the front door takes about 3.8 seconds per passenger. Alighting is slowest 35 through the front door, at 2.6 seconds per passenger, and drops to 1.6 at the second door and 1.3 36 at the third door. As in the running-time model, the square terms for passenger activity indicate 37 that boarding and alighting time per passenger decrease as passenger volume increases. Number 38 of standees on the bus and the delay at the start of the trip marginally speed up the dwell time.
39
Stops that are scheduled timing stops are about 16 seconds slower than other stops. Dwell time at 40 stops located near traffic lights is about 5.7 seconds slower compared to mid-block stops or stops 41 at stop signs. Dwell time at stops on the far side of intersections is about 4 seconds faster.
42
Precipitation increases dwell time to a small degree. There are significant differences between 43 dwell-time lengths at different major stops, ranging from 36 seconds slower than average at 44
Fairview-westbound to 13 seconds faster at Emile-Journault-southbound. And lastly, per-45 passenger boarding is almost always faster at major stops, with Sauvé-eastbound being about 1.5 46 seconds faster (for a total of 3.871 -1.457 = 2.414 seconds per passenger); this is due to the 1 increased boarding efficiency that comes with the larger volumes of people at these stops (24).
To estimate the amount of time that would be saved on each route under different 5 implementation strategies, sensitivity analysis was performed using the running time and dwell-6 time models. The general idea is first to add the products of each variable's mean with the 7 corresponding coefficient in order to calculate the running time or dwell-time; and second, to 8 modify the boarding variables (e.g. divide by two) to simulate different time-saving scenarios 9 under all-door boarding. 10
For example, with running times, the time taken by all running time factors except 11 boarding was calculated-first by finding the mean values of each variable for each route, 12 direction, and time period (e.g. 439, inbound, AM peak), second by multiplying each of these 13 means-except that of the boarding variable-by the running-time model coefficients, and third 14 by summing the products. This resulted in a running time base value that took all running time 15 factors into account except for boarding.
16
Then, for the boarding variable, four different savings scenarios were simulated: a 17 pessimistic low-saving scenario, an optimistic high-saving scenario, and two similar scenarios 18 with added savings from off-board fare payment. For the low-saving scenario, it was assumed 19 that the current single stream of passengers under front-door boarding would be split into three 20 streams at three-door buses, with the front-door stream being half the length of the current 21 stream. To simulate this, the AllOn variable's mean was multiplied by 0.5 (that is, divided by 2), 22 further multiplied by the AllOn coefficient, and then added to the running time base value; where 23 two-door buses were used, the mean was multiplied by 0.67 instead. In the high-saving scenario, 24
it was assumed that all three boarding streams would be the same length; as such, the AllOn 25 means were multiplied by 0.33 (0.5 for two-door buses) instead of by 0.5 (or by 0.67) as was 26 done in the low-saving scenario. For the off-board fare payment scenarios, the AllOn means 27 were multiplied by the same values, but the AllOn coefficient (3.526 seconds) was reduced by 28 one second; this simulates the expected one-second-per passenger savings achieved by off-board 29 payment (2). Finally, the running time savings under each scenario for each route, direction, and 30 time period were calculated to determine the total running time savings in each period. The same 31 overall process was done with the dwell-time model to estimate the savings associated with 32 implementing all-door boarding at each major stop. The obtained savings were then subtracted 33 from the average running times of the route where this stop was present.
34
As for the layover savings, it was decided that regression would be unsuitable for 35 modeling layover time. This is because the bulk of layover time is scheduled, and is thus largely 36 unaffected by other factors such as weather and passenger activity. Therefore, to estimate 37 layover savings, the average number of passengers who board during layovers was determined. 38 Second, the current layover boarding times were calculated using the boarding average and the 39 dwell-model coefficients, Door1_On and Door1_OnSq. Thirdly, the same four savings scenarios 40 that were simulated for the running-time and dwell-time models were simulated for the layovers. 41
Finally, the differences between the current layover boarding times and the scenario times were 42 subtracted from the average route running times. Table 7 shows the percentage of running-time 43 savings under each implementation strategy.
44
Generally speaking, a transit agency will only save money if the running time savings are 45 sufficient to remove a bus on a route while providing the same frequencies. To determine 46 whether any of the all-door boarding implementation scenarios could remove a bus, the 1 following process was used: first, the route cycle time-that is, the running time for both 2 directions of a route, plus the layover times at both ends-was calculated for each route in the 3 peaks. Second, the number of buses currently required during the peaks was calculated by 4 dividing the average peak cycle time by the average peak headway and rounding up to the 5 nearest whole number; the rounding up is necessary since a requirement of 10.1 buses actually 6 means that 11 buses are needed. Third, the number of buses required to maintain existing 7 frequencies was calculated under each of the different all-door boarding scenarios. Table 7  8 indicates whether the time savings from any of the scenarios could lead to removing a bus from a 9 route. 10 Route-level savings (which are equal to system-level savings for a specific route) range 11 from 4.7 to 13.9%; this is consistent with findings from the literature. Major-stop savings range 12 from 0.8% to 5.0%, while layover savings range from 0.5% to 2.4%. Greater savings can be 13 achieved by combining implementations; for example, combining the route-level and layover 14 implementations on the 467 yields savings of 15.8% in the offboard high scenario.
15
These savings are generally substantial, but it should be noted that a portion of the 16 savings can be nullified depending on the bus-stop configuration where the all-door boarding 17 takes place. If a bus stop is at a traffic light, then there is the potential for boarding-time savings 18 to be lost if the light turns red; thus, all-door boarding would work best when stops are on the far 19 side of an intersection, past the traffic lights. The running-time model as well as the dwell time 20 models have shown significant savings from moving towards a far-side policy. Also, in order to 21 fully realize these estimated savings, route schedules would have to be revised so as to 22 accommodate shorter running times.
23
Regarding bus removal from a route: from the figures in Table 7 , there appears to be no 24 clear correlation between running time savings and being able to remove a bus. This is due to the 25 fact that the number of required buses on a route must always be rounded up to the nearest 26 integer; therefore, on routes that initially required slightly more than a whole number of buses, 27 very little savings were required to remove a bus. For example, route 165 required 10.1 buses 28 initially (11 after rounding up), but could theoretically remove a bus if the number of required 29 buses dropped to just 10.0 buses. By contrast, the 467 initially needed 10.0 buses, which meant 30 that the running time savings would need to reduce this requirement to at least 9.0 to remove a 31 bus. As such, the ability to remove a bus could be affected by changes to a route's running time 32 or level of service. It should also be noted that routes in the PM peak were more often able to 33 remove a bus, despite similar savings percentages.
34
As for which implementation strategies are most beneficial, it is clear that overall time savings-35 and the ability to remove a bus-are highest at the system-and route-level. That said, the extra 36 running time savings that come from combining implementation strategies are sometimes 37 necessary in order to remove a bus. Also, on routes where only a small percentage of savings is 38 needed to remove a bus, a non-route-level implementation would be recommended since fare-39 inspection costs will be highest at the route/system level.
The purpose of this research was to assess the benefits of all-door bus boarding in general, and to 43 develop a methodology for selecting routes for pilot testing or partial implementation of such 44 policy. This was done through using data obtained from STM in Montréal as they have indicated 45 interest in exploring this new policy to identify the greatest running-time savings under a variety 46 of implementation scenarios. The literature review found that all-door boarding, if implemented 1 judiciously, can yield enough operating-cost savings from decreased running times to outweigh 2 any losses from fare evasion. To select the routes in STM's network that would benefit the most 3 from system-level, route-level, and stop-level all-door boarding policies, a new methodology was 4 devised based on route-level and stop-level boarding figures obtained from STM's AVL and 5 APC data. Multi-variate regression was then used to generate running-time and dwell-time 6 models for the selected routes. These models were the first, to our knowledge, to capture the 7 effect of having stops on the far-side of an intersection. Lastly, sensitivity analysis was 8 performed using these models to estimate running-time savings under optimistic and pessimistic 9 scenarios using on-board and off-board payment methods. It was found that, during the morning 10 peak, running-time savings at the route level ranged from 4.7 to 13.9%, and were as high as 11 15.8% when adding the savings from layovers. Also, in many scenarios, it was possible to save a 12 bus from a route-that is, to operate the route at current frequencies with one fewer bus. This 13 represents substantial operating-cost savings for any transit agency. 
